Petkov GV. Central role of the BK channel in urinary bladder smooth muscle physiology and pathophysiology. Am J Physiol Regul Integr Comp Physiol 307: R571-R584, 2014. First published July 2, 2014; doi:10.1152/ajpregu.00142.2014.-The physiological functions of the urinary bladder are to store and periodically expel urine. These tasks are facilitated by the contraction and relaxation of the urinary bladder smooth muscle (UBSM), also known as detrusor smooth muscle, which comprises the bladder wall. The large-conductance voltage-and Ca 2ϩ -activated K ϩ (BK, BK Ca, MaxiK, Slo1, or KCa1.1) channel is highly expressed in UBSM and is arguably the most important physiologically relevant K ϩ channel that regulates UBSM function. Its significance arises from the fact that the BK channel is the only K ϩ channel that is activated by increases in both voltage and intracellular Ca 2ϩ . The BK channels control UBSM excitability and contractility by maintaining the resting membrane potential and shaping the repolarization phase of the spontaneous action potentials that determine UBSM spontaneous rhythmic contractility. In UBSM, these channels have complex regulatory mechanisms involving integrated intracellular Ca 2ϩ signals, protein kinases, phosphodiesterases, and close functional interactions with muscarinic and ␤-adrenergic receptors. BK channel dysfunction is implicated in some forms of bladder pathologies, such as detrusor overactivity, and related overactive bladder. This review article summarizes the current state of knowledge of the functional role of UBSM BK channels under normal and pathophysiological conditions and provides new insight toward the BK channels as targets for pharmacological or genetic control of UBSM function. Modulation of UBSM BK channels can occur by directly or indirectly targeting their regulatory mechanisms, which has the potential to provide novel therapeutic approaches for bladder dysfunction, such as overactive bladder and detrusor underactivity. K Ca1.1 channel; iberiotoxin; paxilline; detrusor; overactive bladder; muscarinic receptors; ␤-adrenergic receptors THE K ϩ CHANNELS HAVE A KEY role in maintaining the resting membrane potential and action potentials of urinary bladder smooth muscle (UBSM), also known as detrusor smooth muscle (118). UBSM exhibits spontaneous action potentials (18, 33, 38, 46 -48, 103, 120), which determine the phasic (rhythmic) nature of spontaneous contractions in UBSM (21, 27, 46, 51, 53, 54, 58, 60, 119, 120) . Ca 2ϩ entry via L-type voltagedependent Ca 2ϩ channels (VDCCs) is responsible for the depolarization phase of the UBSM action potential and leads to an increase in global intracellular Ca 2ϩ , which activates UBSM phasic contractions (44, 48, 65) . K ϩ channels shape the action potentials of UBSM by facilitating repolarization after the initial episode of depolarization (45, 48 
K Ca1.1 channel; iberiotoxin; paxilline; detrusor; overactive bladder; muscarinic receptors; ␤-adrenergic receptors THE K ϩ CHANNELS HAVE A KEY role in maintaining the resting membrane potential and action potentials of urinary bladder smooth muscle (UBSM), also known as detrusor smooth muscle (118) . UBSM exhibits spontaneous action potentials (18, 33, 38, 46 -48, 103, 120) , which determine the phasic (rhythmic) nature of spontaneous contractions in UBSM (21, 27, 46, 51, 53, 54, 58, 60, 119, 120) . Ca 2ϩ entry via L-type voltagedependent Ca 2ϩ channels (VDCCs) is responsible for the depolarization phase of the UBSM action potential and leads to an increase in global intracellular Ca 2ϩ , which activates UBSM phasic contractions (44, 48, 65) . K ϩ channels shape the action potentials of UBSM by facilitating repolarization after the initial episode of depolarization (45, 48). Opening of K ϩ channels causes cell membrane hyperpolarization, limits Ca 2ϩ entry into the UBSM cells via L-type VDCCs, ultimately leading to UBSM relaxation. On the contrary, inhibition of UBSM K ϩ channels leads to cell membrane depolarization and opening of L-type VDCCs, causing UBSM contraction. Thus, the fundamental purpose of the UBSM K ϩ channels is to precisely regulate and fine-tune Ca 2ϩ entry into the UBSM cells via L-type VDCCs, hence, the intracellular Ca 2ϩ concentration, which controls UBSM contraction and relaxation. Several families of K ϩ channels, including Ca 2ϩ -activated K ϩ (K Ca ) channels, voltage-gated K ϩ (K V ) channels, inward-rectifying ATP-sensitive K ϩ (K ir , K ATP ) channels, and two-pore domain K ϩ (K 2P ) channels, are expressed and functional in UBSM cells (3, 27, 43, 57, 59, 113, 116, 118, 120, 131) . In UBSM, the K Ca channel family is represented by three major subtypes of channels, which are classified on the basis of their single-channel conductance: large-conductance voltage-and Ca 2ϩ -activated K ϩ (BK) channels; small-conductance Ca 2ϩ -activated K ϩ channels (SK1-SK3); and intermediate conductance Ca 2ϩ -activated K ϩ (IK) channels (118) . The BK channel is one of the most, if not the most, physiologically important K ϩ channels that regulates UBSM function in health and disease (21, 47, 48, 51-53, 58, 93, 119, 121, 132, 133, 140) . This importance arises from the fact that the BK channel is the only K ϩ channel that is activated by increases in both intracellular Ca 2ϩ and membrane depolariza-tion, so it is uniquely suited to serve as a Ca 2ϩ /voltage signal integrator in the modulation of UBSM cell membrane excitability (31, 117, 118) . In UBSM, these channels have intricate regulatory mechanisms involving complex intracellular Ca 2ϩ signals, protein kinases, such as PKA and PKC, phosphodiesterases, and close functional interactions with muscarinic (M) and ␤-adrenergic receptors (␤-ARs). Historically, this channel appears under multiple names-BK, BK Ca , MaxiK, Slo1, or K Ca 1.1-with "BK channel" being the most commonly used, and the "K Ca 1.1 channel" being the name based on the official channel nomenclature (43) . This review article recaps the current state of the knowledge regarding the role of BK channels in urinary bladder physiology and pathophysiology, with special emphasis on recent developments in the field.
UBSM BK Channel Structure and Biophysical Properties
The central role played by the BK channel in urinary bladder function, among all other K ϩ channels, arises from its dual regulation by both voltage and Ca 2ϩ , along with its high unitary single-channel conductance (80) . The K ϩ conducting unit of the BK channel is a tetramer of the pore-forming ␣-subunit, which is encoded by a single gene (Slo or KC-NMA1), consisting of multiple alternative exons (Fig. 1) . The BK channel pore-forming ␣-subunit has the structure of the six-segment (S) transmembrane architecture of the K V channel ␣-subunit with the addition of an S0 transmembrane segment and a long intracellular domain (S7-S10) at the C-terminus containing the Ca 2ϩ sensor (Fig. 1) . Although the BK channel ␣ subunit is encoded by a single gene, a number of splice variants possessing differential regulatory mechanisms have been reported (26) . The exact BK channel ␣ subunit splice variants in UBSM are currently unknown. In addition to the poreforming ␣-subunits, BK channels may also contain one of the four known tissue-specific regulatory subunits (␤1-␤4), with ␤1 being smooth muscle-specific and ␤4 being predominantly expressed in neurons (Fig. 1) . UBSM cells express the poreforming ␣-subunits (58, 93), as well as both ␤1-subunits (58, 119) and ␤4-subunits (28, 58, 70) . Although ␤1 is the primary ancillary BK channel subunit in UBSM (119) , several studies at mRNA and/or protein levels have clearly identified the presence of ␤4-subunits directly in rat, mouse, and human UBSM cells (28, 58, 70) , while confirming the absence of BK channel ␤2-and ␤3-subunits (28, 58) . BK channels have not been shown to exist in complexes of mixed regulatory ␤-subunits, such as ␤1-and ␤4-subunits present together in the same channel complex. Therefore, one would expect to observe at least three different populations of BK channels in UBSM cells (␣/␣, ␣/␤1, and ␣/␤4), including one population with slowgating kinetics due to the presence of the ␤4-subunit. On the basis of their detailed biophysical characterization, a recent study suggests that the native human UBSM BK channels likely consist of diverse channel complexes (89) .
The UBSM BK channels have unitary single-channel conductance in the range of ϳ200 pS, hence, the names "Maxi-K" or "big K ϩ " channel. Depending on the exact experimental conditions, UBSM single BK channel conductance varies from 214 pS in mice (119), 122-244 pS in guinea pigs (48, 63, 81), 170 -200 pS in rats (130) , 330 pS in rabbits (123, 124) , and 136 -220 pS in humans (58, 89, 130) . A recent study has provided the first systematic characterization of human single BK channel biophysical properties in excised patches of freshly isolated UBSM cells from donor patients (89 (89) .
UBSM BK Channel Physiology and Pharmacology
In its essence, the physiological role of BK channels in controlling UBSM excitability and contractility is to provide a negative-feedback mechanism to limit the amplitude and duration of UBSM action potentials and related phasic contractions (45, 48, 51, 58) (Fig. 2) . The initial evidence for a BK channel role in UBSM excitability originally came with the early patch-clamp studies by Klockner and Isenberg in the mid-1980s (71) . It is now well established that the BK channel has very high expression levels in UBSM (28, 58, 110, 119) . Specifically, it has been shown that in guinea pig UBSM cells, BK channels have an extremely high density of ϳ21 BK channels per square micrometer (110) . The initial experimental evidence regarding BK channel physiological roles was based exclusively on animal studies, and until recently, our knowledge about the expression and function of the BK channel in human UBSM was very limited to several nonsystematic studies (35, 44, 130, 137) . In the past 2 or 3 years, a series of multidisciplinary studies, including combined molecular approaches, patch-clamp electrophysiology, live-cell Ca 2ϩ imag- Fig. 1 . Large-conductance voltage-and Ca 2ϩ -activated K ϩ (BK) channel molecular structure. Four pore-forming ␣-subunits and the four regulatory ␤1-subunits or ␤4-subunits form a functional BK channel in urinary bladder smooth muscle (UBSM) cells. This figure is based on information from Petkov (117, 118) . ing, and confocal microscopy on freshly isolated human UBSM cells, as well as functional studies on UBSM contractility of tissues, have provided a methodological identification and characterization of the BK channel functional and regulatory roles in native human UBSM (5, 56, 58, 61, 89, 155) . It is well known that BK channel properties change quickly upon cell culturing (127) and that BK channel density rapidly decreases in cultured UBSM cells (136) . A major advantage of these systematic studies is that they have utilized the perforated patch-clamp technique on native freshly isolated (not cultured) and physiologically active human UBSM cells. The perforated patch-clamp technique enables one to study the BK channel activity with preserved intracellular signal transduction pathways, thus providing novel insights into human UBSM BK channel function. Another innovative feature of these systematic studies is that they have used clinically characterized human UBSM tissues, thus allowing for a correlation of the data from molecular, cellular, and tissue levels with the patients' clinical phenotype, thereby revealing a critical role of the BK channel in human bladder physiology.
BK channel
BK channels are blocked with high affinity by the scorpion venoms iberiotoxin and charybdotoxin (39, 94, 134) , as well by the Penicillium mycotoxin, paxilline (72) . Iberiotoxin is highly selective for the BK channels, whereas charybdotoxin also inhibits the IK channels and some K V channel members of the K V 1 family. Intriguingly, UBSM cells do not have functionally active IK channels regulating UBSM excitability under normal physiological conditions (6, 113, 116) . However, since iberiotoxin and charybdotoxin do not effectively inhibit the BK channel ␣/␤4 complexes (91), the use of paxilline provides an advantage when equal inhibition of both BK channel ␣/␤1 and ␣/␤4 complexes is desired. It should be noted that all known BK channel splice variants are effectively inhibited by the specific blocker paxilline with similar IC 50 s (125), thus making paxilline ideal for UBSM BK channel functional studies. Another advantage of paxilline vs. iberiotoxin and charybdotoxin is that paxilline is a small hydrophobic molecule that can easily cross the cell plasma membrane and block the BK channels from inside, while recorded in the cell-attached patch-clamp configuration. The mycotoxin penitrem A is another BK channel inhibitor with inhibitory properties similar to those of paxilline (12, 72, 99) . BK channels are also inhibited nonselectively by tetraethylammonium, but with low affinity (21, 53, 117) .
Pharmacological blockade of BK channels increases the amplitude and duration of spontaneous action potentials, indicating that the repolarization phase of the UBSM action potential is mediated by BK channel activity (44, 45, 47, 48) (Fig. 2) . Although some studies failed to report UBSM resting membrane potential depolarization upon BK channel pharmacological inhibition (44, 45, 47) , it is now well documented that blocking BK channels with iberiotoxin or paxilline depolarizes the resting membrane potential in both isolated UBSM cells and intact tissues recorded with patchclamp or intracellular microelectrodes, respectively (48, 58, 60, 61, (152) (153) (154) (155) . Further key evidence for a role of the BK channels in controlling the resting membrane potential is that genetic deletion of the BK channel ␣-subunit causes sustained membrane depolarization in mouse UBSM cells (21, 133) . Collectively, these findings clearly indicate that BK channels do control the resting membrane potential in UBSM cells (Fig. 2) . In UBSM isolated from various species and humans, pharmacological inhibition of BK channels increases the amplitude, duration, and force of the spontaneous phasic contractions, as well as UBSM tone (21, 35, 37, 51, 56, 58, 60, 61, 65, 109, 119, 134, 152, 153, 155) . In contrast, iberiotoxin had no effect on phasic and tonic contractions of UBSM strips isolated from mice that lacked the BK channel pore-forming ␣-subunit (21), which further confirmed the selectivity of iberiotoxin for UBSM BK channels. Pharmacological inhibition or genetic deletion of BK channels enhances the nerve-evoked contractions in UBSM strips isolated from a number of different species (4, 5, 50, 58, 69, 77, 133, 140, 150) . On the other hand, well-established (NS1608, NS8, NS004, and NS1619) and novel highly specific (NS11021 and GoSlo-SR-5-69) BK channel openers increase BK channel open probability and whole cell BK currents, causing membrane hyperpolarization and relaxation of UBSM in a variety of species (24, 61, 63, 65, 81, 88, 101, 109, 123, 124, 129, 130, 132, 143) . At the in vivo level, intravenous administration of the BK channel opener, NS8, causes a reduction in micturition frequency and an increase in micturition volume in rats (138) .
The ability to genetically manipulate the mouse genome by deleting or overexpressing genes encoding BK channel subunits has allowed us to study their functional effects from cellular to whole organism levels (21, 93, 119, 133, 140, 150) . Targeted deletion of the BK channel pore-forming ␣-subunit or regulatory ␤1-subunit results in increased UBSM excitability and contractility in mouse models (21, 93, 119 ) (see also Fig. 3 ). Combined data from global and smooth musclespecific BK channel ␣-subunit knockout (KO) mice indicate that genetic deletion of the BK channel pore-forming ␣-subunit has profound effects on UBSM function (21, 93, 133, 140, 150) . Specifically, UBSM spontaneous and nerve-evoked contractions are dramatically increased upon genetic deletion of the BK channel pore-forming ␣-subunit, and these mice demonstrate increased urination frequency (21, 93, 133, 140, 150) . At the urodynamic level, global BK channel ␣-subunit KO mice exhibit increased bladder pressures, pressure oscillations, and symptoms of urinary incontinence, such as urine dripping (140) . Data from BK channel ␤1-subunit KO mice indicate that the ␤1-subunit increases the apparent Ca 2ϩ and voltage sensitivity of UBSM BK channels (119) . Whereas the ␤1-subunit has a key physiological role in bladder physiology (119) , the function of the more recently discovered ␤4-subunit in UBSM is less clear (28, 58, 70) , although it might have some role in UBSM pathophysiology (56, 70) . It is well known that the ␤4-subunit makes the BK channel less sensitive to iberiotoxin and charybdotoxin (91) . However, all UBSM cells respond to iberiotoxin (53, 58), indicating a predominant expression of the ␣/␣ and/or ␣/␤1 BK channel complexes (Fig. 1) . Therefore, the ␣/␤4 BK channel complex may have a secondary role in human UBSM function. In general, the ␤4-subunit decreases the BK channel voltage sensitivity and slows activation kinetics (20) . An increased action potential frequency has been reported in dentate granule cells isolated from BK channel ␤4-subunit KO mice (19) . The BK channel ␤4-subunit may have a similar regulatory role in UBSM, but this needs further investigation.
UBSM BK Channel Regulation by Ca 2ϩ Signals
Ca 2ϩ is an important regulator not only of UBSM contractility, but also of the BK channels (31, 80 B K C h a n n e l is la ck in g -Cell is mor e de p o la r iz e d C o nt ra ct ile M yo fi la m en ts Fig. 3 . Illustration of the cellular mechanisms by which BK channels mediate ␤-adrenergic relaxation in UBSM cells with demonstration of the differential outcomes in the wild-type (WT) mouse (top) and the BK-knockout (KO) mouse (bottom), respectively. In UBSM cells from WT mice, functionally active BK channels regulate Ca 2ϩ entry via L-type voltage-dependent Ca 2ϩ channels (VDCC), and, thus, contractility (top). In addition, BK channels are under the local control of the so-called "Ca 2ϩ sparks" caused by Ca 2ϩ release from the ryanodine receptors of the sarcoplasmic reticulum, adjacent to the cell membrane. Following permanent BK channel pore forming ␣-subunit gene deletion in the BK channel KO mouse, an adaptive compensatory upregulation of the ␤-AR/cAMP/PKA signaling pathway develops. The enhanced ␤-AR/PKA activity compensates for the increased Ca 2ϩ entry via L-type VDCC that occurs due to sustained membrane depolarization in the absence of the BK channels. AC, adenylyl cyclase; BK, large-conductance voltage-and Ca 2ϩ -activated K ϩ channels; ␤-AR, ␤-adrenergic receptors; VDCC, L-type voltage-dependent Ca 2ϩ channels; Gs, stimulatory G protein; PKA, protein kinase-A; PLB, phospholamban; PLC, phospholipase C; RyR, ryanodine receptor; SR, sarcoplasmic reticulum. This figure is based on information from Brown et al. (21) .
tribute to the membrane potential hyperpolarization upon RyRdependent BK channel activation in UBSM cells (58, 154, 155) . In UBSM cells, as in TBKCs, STHs are completely inhibited by BK channel blockers, such as iberiotoxin or paxilline (58, [152] [153] [154] [155] . There is a tight correlation between the TBKC frequency and STH frequency in guinea pig UBSM cells (155) . By switching from voltage-clamp to current-clamp in the same recorded cells, Xin et al. (155) have shown that low-frequency STHs correspond to low-frequency TBKCs, whereas in UBSM cells exhibiting high-frequency TBKCs, the STH frequency is also proportionally high.
Unlike the ryanodine-sensitive TBKCs, ryanodine does not affect the depolarization-induced steady-state BK current in UBSM cells (53, 121) . In contrast, the latter depends mainly on Ca 2ϩ entry through L-type VDCCs and not Ca 2ϩ release via RyRs as pharmacological inhibition of L-type VDCCs substantially reduces the steady-state BK current (53). Thus, ryanodine has been largely used as a pharmacological tool to separate the TBKCs from the steady-state BK currents in UBSM cells (53, 60, 62, 114, 121, 152) .
In UBSM, inositol 1,4,5-trisphosphate (IP 3 ) is produced in response to activation of M receptor type 3, a class of G q / phospholipase C-coupled receptors (1, 7, 8, 10, 11, 41 ) (see also Fig. 4 ). IP 3 binds to IP 3 receptor (IP 3 R), which facilitates Ca 2ϩ release from the SR, raising intracellular Ca 2ϩ concentration in the form of Ca 2ϩ transients (105) that are believed to trigger UBSM contractions (7, 95, 145, 159) . Recent reports suggest that BK channels may be functionally linked and regulated by the IP 3 /IP 3 Rs in some smooth muscle cells, including urethral smooth muscle (76, 157, 160) . It is unknown, however, whether IP 3 or Ca 2ϩ release from the IP 3 Rs activates the BK channels in UBSM to regulate cell excitability and contractility. Intriguingly, a recent study has shown that pharmacological activation of M3 receptors with carbachol induces transient BK channel activation, in the form of large outward BK currents with an amplitude much higher than those of the TBKCs and that this phenomenon is eliminated upon inhibiting IP 3 Rs with xestospongin-C (114). However, the IP 3 /IP 3 R-mediated BK channel regulation in UBSM requires further investigation and confirmation.
UBSM BK Channel Regulation by ␤-AR/cAMP/PKA Signal Transduction Pathway
Unlike cGMP, cAMP has been demonstrated to play a major role in UBSM relaxation (10) . Sympathetic nervous system regulation of UBSM membrane excitability and contractility utilizes ␤-ARs (10). In UBSM, stimulation of ␤-ARs increases intracellular cAMP concentration, which activates PKA that, in turn, phosphorylates specific proteins resulting in decreased excitability and UBSM relaxation (10, 21, 46, 103) . Convincing recent evidence suggests that BK channel activity increases upon pharmacological activation of ␤-ARs to promote relaxation of UBSM in various species (21, 60, 73, 121) . PKA stimulation has been shown to activate Ca 2ϩ sparks in guinea pig UBSM (121, 154) . The latter effect appears to be mediated by PKA-induced phosphorylation of phospholamban (PLB), which, when in a phosphorylated state, activates the SR Ca 2ϩ -pump, elevates SR Ca 2ϩ load, and, thus, increases RyR and Ca 2ϩ spark activity (Fig. 3 ). UBSM expresses all three known ␤-AR subtypes (␤1-␤3) with profound species differences in the ␤-AR subtype expression patterns (10) . ␤3-ARs appear to be the most physiologically relevant in human UBSM since ␤3-ARs represent ϳ97% of all ␤-AR mRNA expressed in the human bladder (156) . In rat UBSM, which also highly expresses ␤3-ARs ␤3-ARs and BK channels are functionally coupled to promote UBSM relaxation by a complex Ca 2ϩ -dependent mechanism, which involves an increase in TBKC frequency leading to UBSM cell membrane hyperpolarization and inhibition of UBSM spontaneous phasic contractions and tone (60) . In rat and human UBSM, ␤3-AR agonists effectively inhibit both the spontaneous and nerve-evoked UBSM contractions, an inhibitory effect which is significantly reduced by iberiotoxin, suggesting that figure is based on information from (62, 112, 114 ).
functional BK channels play a critical role in this process (4, 5, 60, 137) . In contrast, although ␤3-ARs are expressed at the mRNA level in guinea pig UBSM, they serve a negligible role, if any, in UBSM spontaneous and nerve-evoked contractions without affecting cell excitability (2) . Unlike rat UBSM (60), the ␤3-AR agonist BRL37344 does not affect TBKC and steady-state BK channel activity in guinea pig UBSM (2) .
A study has suggested an alternative mechanism, according to which, ␤2-AR subtype can couple directly with the BK channel pore-forming ␣-subunit and AKAP79/150, a PKAanchoring protein, necessary for ␤2-AR regulation of UBSM function (86) . The study has further shown that ␤2-ARs can simultaneously interact with both BK channels and L-type VDCCs, enabling the assembly of a membrane-localized signal transduction complex in rat UBSM cells (86) . The recruitment of L-type VDCCs to this complex provides a critical source of Ca 2ϩ for BK channel activation. This complex can potentially mediate both Ca 2ϩ -dependent and phosphorylation-dependent modulation of the BK channels in UBSM (86) .
The fundamental role of BK channels in ␤-AR/cAMP/PKAmediated UBSM relaxation is exemplified by observations that genetic ablation of the BK channel pore-forming ␣-subunit in transgenic mouse models leads to a compensatory adaptive upregulation of the ␤-AR/cAMP/PKA signal transduction pathway (21, 133) . Inhibition of the BK channel with iberiotoxin in wild-type (WT) mouse UBSM significantly reduces ␤-AR-mediated and PKA-mediated UBSM relaxations in response to isoproterenol and forskolin, respectively (21) . Paradoxically, UBSM from BK channel ␣-subunit global KO mice showed enhanced sensitivity to isoproterenol and forskolin (21) . These paradoxical effects indicate that compensatory mechanisms in the ␤-AR/cAMP/PKA signal transduction pathway can, at least partially, overcome the permanent loss of BK channels in ␤-AR-mediated UBSM relaxation (Fig. 3) . One limitation of the BK channel genetic ablation approach is the problem of developmental compensation, in which protein products of other genes functionally substitute for a deleted gene, ultimately resulting in an absence of apparent phenotypic abnormalities. Indeed, genetic deletion of the BK channel pore-forming ␣-subunit in a global KO mouse model causes PKA overexpression to compensate for the channel loss leading to enhanced sensitivity to isoproterenol and forskolin (21) (Fig. 3) . These essential findings have also been confirmed independently by a follow-up study in which a smooth musclespecific BK channel ␣-subunit KO mouse has been used (133) . ␤-AR agonists can also modulate K ϩ conductance in human UBSM (137) . As ␤-ARs, ␤3-ARs, in particular, and BK channels are functionally coupled at the PKA/RyR level to mediate relaxation of UBSM (Fig. 3) (60, 121) , alterations in this functional coupling might be involved in bladder pathophysiology. Collectively, these findings support the concept that selective ␤3-AR agonists can be very effective in controlling UBSM function (4, 5, 9, 60) .
UBSM BK Channel Regulation by Phosphodiesterases
A series of recent studies have revealed a critical role for the phosphodiesterases (PDEs) in the regulation of BK channel activity in UBSM (152) (153) (154) (155) . Specifically, adenylyl cyclases that synthesize cAMP, and PDEs that hydrolyze cAMP, are constitutively active in UBSM cells, and, therefore, pharmacological inhibition of PDEs can lead to a rapid increase in cellular cAMP, which, in turn, utilizes the PKA signaling pathway, described above, in activating the BK channel activity in a RyR-dependent manner (152) (153) (154) (155) . There are 11 known PDE isoenzymes, of which five (PDE1-PDE5) have been identified in the human urinary bladder (16, 78, 144) . In the human bladder, the level of PDE1 mRNA is the second highest among all PDEs following PDE5 (78) . PDE1 and PDE4 appear to have particular functional importance in UBSM. A recent study provides evidence that selective pharmacological inhibition of PDE1 suppresses UBSM excitability and contractility via activation of RyRs and an increase in TBKC frequency (155) . A more recent study demonstrates that constitutively active PDE4 modulates spontaneous and nerveevoked UBSM contractions, and that pharmacological inhibition of PDE4 reduces UBSM contractility by increasing the frequency of Ca 2ϩ sparks and the frequency of the functionally coupled TBKCs, while simultaneously decreasing the global intracellular Ca 2ϩ concentration (154) . These novel findings on the roles of PDE1 and PDE4 in UBSM function in the context of the BK channel have laid the foundation for further clinical investigations of the therapeutic potential of selective PDE inhibitors in the treatment of bladder dysfunction.
UBSM BK Channel Regulation by M Receptor and PKC
Bladder function is regulated by parasympathetic nerve fibers releasing ACh, the primary excitatory neurotransmitter in the mammalian bladder, which activates M receptors in UBSM cells, initiating physiological phasic contractions that facilitate voiding (10, 107) . UBSM expresses all known M receptors (M1-M5), but predominantly M2 and M3, which couple differentially to G proteins (8, 41, 95) . M3 receptors are the main determinants of cholinergic response in UBSM tissue, whereas M2 receptors are considered to be of lesser functional importance (1, 7, 95) . In general, M3 receptors increase intracellular Ca 2ϩ by mobilizing phosphoinositides that generate IP 3 and 1,2-diacylglycerol (DAG), whereas M2 receptors are negatively coupled to adenylyl cyclase, thus reducing cAMP levels (1, 8, 10, 95) . Although the expression of M2 predominates over the M3 subtype, the M3 receptors are primarily responsible for UBSM contraction, whereas the M2 receptor role in UBSM contraction is largely indirect by blocking the relaxant responses to cAMP-coupled receptors such as ␤-ARs (1, 7, 10, 95 ).
An early study using elevated intracellular Ca 2ϩ concentrations and the conventional whole cell patch-clamp technique on rat UBSM cells reports BK channel inhibition upon M2 receptor stimulation following an initial transient BK channel activation (104) . A more recent study also focusing on rat UBSM cells has identified a primary role of the M3 receptor, rather than M2 receptor, in the BK channel inhibitory effects following muscarinic stimulation (114) . Specifically, activation of M3 receptors with carbachol leads to initial appearance of large transient outward BK currents followed by sustained inhibition of the spontaneous TBKCs, spontaneous transient hyperpolarizations, and depolarization of UBSM cell resting membrane potential (114) . These large carbachol-induced transient outward BK currents are attributed to the IP 3 -induced SR Ca 2ϩ release, as they are completely blocked by the IP 3 R inhibitor xestospongin-C (114 (Fig. 4) . Thus, it has now been clarified that under physiological conditions, M3 receptors, but not M2 receptors, are directly involved in BK channel regulation in rat UBSM cells (114) . This mechanism of muscarinic inhibition of BK channels has been recently confirmed to operate in human UBSM as well (112) . Collectively, these studies have revealed that M3 receptors are functionally coupled to the BK channels in rat and human UBSM (112, 114) (Fig. 4) .
The principal downstream effect of the M3 receptor signaling pathway is the activation of phospholipase C via the ␣ subunits of G q/11 proteins, subsequently leading to the formation of IP 3 and DAG, and the latter, in turn, activates PKC (Fig.  4) . Thus, the activated PKC may lead to direct inhibition of the SR Ca 2ϩ pumps and RyRs, resulting in suppression of Ca 2ϩ sparks and the associated TBKCs (Fig. 4) . Although BK channel regulation by PKC has been known in other cell types for quite some time (128, 141), it was not until very recently when it was shown that PKC can also regulate BK channels in UBSM (62, 64) . Specifically, in guinea pig UBSM cells, PKC inhibits BK channel activity indirectly via a Ca 2ϩ -dependent mechanism involving the attenuation of the Ca 2ϩ release through RyRs while increasing the global intracellular Ca 2ϩ necessary to activate UBSM contraction (62) . Upon pharmacological activation, PKC could phosphorylate proteins in the SR such as RyRs and/or PLB (Fig. 4) . This leads to an inhibition of Ca 2ϩ sparks and the associated TBKCs. BK channel inhibition causes UBSM cell membrane potential depolarization, activation of L-type VDCCs, an increase in the global intracellular Ca 2ϩ concentration, and activation of UBSM contractility (62) .
UBSM BK Channel Regulation by Other Mechanisms and Substances
In addition to the major BK channel regulatory mechanisms described above, UBSM BK channels are also regulated by a number of other endogenous and exogenous substances, as well as various intrinsic regulatory pathways. For example, new findings provide evidence that prostaglandin E 2 stimulatory effects on UBSM excitability and contractility involve inhibition of TBKC activity (115) . It has been suggested that the transcription factor known as nuclear factor of activated T cells (NFATc3) regulates UBSM contractility predominantly through an NFATc3-dependent increase in BK channel activity (82) . In guinea pig UBSM, BK channels can potentially be activated by 17␤-estradiol, leading to UBSM relaxation, but the mechanism of this BK channel modulation by estrogens requires further investigation (158) . A recent study revealed that UBSM BK channels are molecular targets for ethanol at physiologically relevant blood alcohol content levels (87) . Specifically, ethanol increases BK channel activity by differential mechanisms involving dependence on intracellular Ca 2ϩ and the basal level of TBKC frequency in UBSM cells (87) . Thus, BK channels appear to be important mediators of the alcohol-induced UBSM relaxation that allows for increased urine storage capacity accommodating alcohol-induced diuresis.
Role of BK Channels in UBSM Pathophysiology
Many lower urinary tract symptoms (LUTS), including urinary urgency, frequency, nocturia and incontinence, are directly linked to UBSM dysfunction. Overactive bladder (OAB), which is among the top 10 most prevalent chronic health conditions, affects ϳ17% of the Western world population, both men and women, and increases with age (32) . The current annual cost of OAB treatment is about $66 billion, and by 2015-2020, it may exceed $76.2-82.6 billion annually in the United States alone (40) . The mainstay of OAB treatment is antimuscarinic pharmacotherapy, which is limited in efficacy and tolerability (11, 66) . Antimuscarinic drugs cause multiple dose-related side effects, including dry mouth, dry eyes, constipation, and tachycardia (66) . Some newer therapies, such as intravesical botulinum toxin, are not only invasive and expensive, but also raise a number of safety concerns (9, 23, 75, 79, 97 ). An attractive alternative is the selective ␤3-AR agonist, mirabegron, which has been recently approved to treat OAB, and data indicate that it is well tolerated by patients (9, 25, 34) . The recent approval of mirabegron as the first ␤3-AR agonist for the treatment of OAB further solidifies the importance of ␤3-ARs in the context of the BK channels as pharmacological targets for bladder dysfunction, as outlined earlier (Fig. 3) .
LUTS may also derive from detrusor underactivity for which there is no effective therapy (96, 111, 148) . OAB and detrusor underactivity are pressing medical issues that have not been well understood (111, 149) . Therefore, there is a significant need to identify novel therapeutic treatments for OAB directly targeting UBSM and with fewer side effects. A critical step for the development of a novel, safe, and more effective therapy for OAB is a better understanding of UBSM ion channels, such as BK channels, which control UBSM excitability and contractility under normal and pathophysiological conditions. Thus, in recent years, major research efforts have been directed toward understanding BK channel roles in UBSM pathophysiology, as well as identifying and validating the BK channels and their regulatory mechanisms as novel therapeutic targets for the treatment of LUTS.
The overall physiological function of the BK channel is to reduce membrane excitability and oppose both myogenic and nerve-evoked human UBSM contractions (5, 58, 61, 77, 89) . Disrupting this function would lead to increased UBSM contractility and detrusor overactivity (DO). Indeed, the UBSM phasic contractions can be abnormally increased under pathophysiological conditions of DO and related OAB (10, 11, 15, 18, 24, 56, 67, 93, 109, 119, 140) or completely absent as in the case of detrusor underactivity (96, 111) . The importance of BK channels in UBSM excitability and contractility suggests that BK channel defects, alterations, or mutations, also known as channelopathies (13, 117) , may cause certain forms of LUTS, including DO and detrusor underactivity. Increasing evidence collected during the past decade suggests that alterations in BK channel expression, function, or regulation have very important implications in bladder pathophysiology. In fact, the BK channels seem to be a very likely candidate involved in some forms of DO etiology. BK channel pharmacological inhibition leads to an increase in UBSM excitability (48, 58). Intriguingly, analogous increases in UBSM excitability are observed during experimentally induced partial bladder outlet obstruction (PBOO) in rats (84) . In addition, BK channel inhibition with iberiotoxin, paxilline, or charybdotoxin leads to increased UBSM contractility (21, 35, 37, 51, 56, 58, 60, 61, 65, 109, 119, 134, 152, 153, 155) , which resembles UBSM contractile behavior upon PBOO. In agreement with these findings, UBSM cells isolated from rats with experimental PBOO also show decreased mRNA expression of the BK channel poreforming ␣-subunit and reduced iberiotoxin-sensitive currents, consistent with decreased BK channel activity (14) . Decreased BK channel expression has been reported in patients with benign prostatic hyperplasia (BPH) and associated DO due to the BPH-induced PBOO, as well as in rabbits with PBOOinduced DO (24) . Genetic ablation of the BK channel poreforming ␣-subunit or regulatory ␤1-subunit cause increased UBSM contractility (21, 93, 119, 133, 140) . Overexpression of the BK channel ␣-subunit using gene transfer techniques can eliminate DO caused by PBOO in rats (30) , an observation consistent with increased UBSM contractility in KO mice lacking BK channel subunits (21, 93, 119, 133, 140) . Genetic deletion of the BK channel ␤1-subunit significantly decreases single BK channel open probability, causing DO (119) . In UBSM from a rat model of PBOO, BK channel ␤4-subunit expression decreases gradually with increasing PBOO severity (70) . Under the pathological conditions of PBOO, UBSM exhibits increased phasic contractions as BK channel ␤4-subunit expression decreases (70) .
Long-term PBOO leads to alterations in ␤-AR expression and, thereby, changes in UBSM responses to adrenergic stimuli (100). Expression of RyRs, which control TBKC activity, is decreased in UBSM from rats with experimental PBOO (67) . UBSM cells isolated from RyR type-2 KO mice have decreased TBKC frequency, resulting in sustained membrane potential depolarization and ultimately DO (55). Therefore, changes in BK channel functional coupling among ␤3-ARs, RyR, and/or PKA may be implicated in the pathophysiology of OAB associated with DO (55, 67).
It is well known that OAB prevalence increases with age (11), and our unpublished observations using human UBSM cells indicate that BK channel expression decreases with age (Petkov G, unpublished data) . This is consistent with findings that aging reduces BK channel density in the cell membrane of coronary and corporal smooth muscle cells (36, 142) .
A recent study utilizing a multidisciplinary approach demonstrated a decrease in the mRNA expression level of the BK channel pore-forming ␣-subunit in UBSM from patients with neurogenic DO compared with control patients; along with decreased whole cell BK currents and TBKCs in the UBSM cells from neurogenic DO patients using the perforated patchclamp approach (56). These molecular and cellular findings are consistent with functional studies showing significantly increased UBSM spontaneous phasic contractions and a lack of effect of iberiotoxin on spontaneous contractility in UBSM strips isolated from patients with neurogenic DO (56). These data point to the novel finding that neurogenic DO is associated with decreased UBSM BK channel expression and function, thus leading to increased UBSM excitability and contractility. In another study, UBSM strips isolated from patients with neurogenic DO, consistently did not respond to iberiotoxin or the BK channel opener NS1619, indicating BK channel dysfunction in these patients (109) .
One of the most common complications of diabetes is diabetic bladder dysfunction, which is multifactorial in nature and involves changes in UBSM that lead to DO (42) . About 80% of diabetic patients develop a group of LUTS known as diabetic cystopathy (42, 96) . The role of BK channels in diabetic bladder dysfunction is controversial. A study has shown increased contractile responses to iberiotoxin in UBSM strips isolated from streptozotocin-induced diabetic rats but no detectable changes in BK channel ␣-and ␤1-subunits expression at mRNA level (102) . The authors speculated that the differences in UBSM responses to iberiotoxin may be due to changes in the channel biophysical properties or intracellular Ca 2ϩ concentrations, as no changes in BK channel expression levels have been observed in diabetic UBSM (102) . A more recent study, which uses patch-clamp electrophysiology, reported reduction of the depolarization-induced steady-state BK current density, as well as the TBKC frequency and amplitude in UBSM cells isolated from streptozotocin-induced diabetic rats compared with control rats (74) . However, unlike the previous study (102) , the authors found that the mRNA expression for the BK channel ␣-subunit increased, whereas the expression of the BK channel ␤1-subunit decreased in diabetes (74) . The authors concluded that these changes in BK channel expression and function enhance UBSM excitability leading to DO/OAB (74) . A third study that also uses streptozotocininduced diabetic rats, reported differential effects of BK channel modulators in isolated UBSM strips from control and diabetic rats, suggesting altered BK channel function and/or expression that may contribute to diabetic cystopathy in this rat model (147) . It should be noted that the streptozotocin-induced diabetic rat is an animal model for diabetes Type 1, whereas the role of BK channel in diabetic bladder dysfunction due to diabetes Type 2 has not been studied. Therefore, further studies in this area will be beneficial to clarify the role of this physiologically relevant channel directly in patients with diabetes.
UBSM BK Channel Therapeutic Potential for LUTS
The clinical significance of modulating the BK channels for LUTS treatment is twofold. Targeting the BK channels directly, or their regulatory mechanisms that enhance channel activity, will reduce DO and alleviate OAB symptoms. Alternatively, targeting BK channel regulatory mechanisms that reduce the channel activity or direct application of BK channelselective inhibitors can stimulate UBSM contractility and, thus, have clinical application for the treatment of LUTS due to detrusor underactivity. To facilitate these novel therapeutic approaches, we first need to better understand BK channel expression, function, and regulation in human UBSM under normal and pathophysiological conditions.
The high level of BK channel expression in UBSM cells and the lack of BK channel expression in the plasma membrane of the cardiac cells, along with their unique properties of dual regulation by voltage and Ca 2ϩ , have made the BK channels very attractive pharmacological targets for LUTS. It is also important to consider that BK channels appear to be restricted to UBSM cells with no detectable expression in other components of the UBSM layer. Indeed, BK channels are not func-tionally expressed in the bladder nerves within the bladder wall (150) or in mouse bladder interstitial cells known as plateletderived growth factor receptor-␣ (PDGFR␣ ϩ ) cells (83) . Penitrem A-sensitive outward currents, with properties characteristic similar to BK currents have been reported in guinea pig detrusor interstitial cells (90) . Although a channel with similar properties to the BK channel has been reported in bladder urothelial cells (85) , there is no clear evidence or any confirmation for BK channel expression in bladder urothelium, and this subject needs further investigation. Fry's group has reported that in native urothelial cells, there are spontaneous, oscillating intracellular Ca 2ϩ rises (151) and spontaneous surges in ATP release (135) . Whether BK channels contribute to the shaping of these spontaneous oscillatory activities in the urothelium remain to be investigated. Another study from Fry's group suggests the absence of functional BK channels in guinea pig bladder trigone based on the lack of Ca 2ϩ responses to iberiotoxin (applied at lower concentrations of 50 nM) in single trigonal smooth muscle cells (122) . The BK channel current density in muscularis mucosae is only about 20% of that seen in UBSM (49), further confirming that BK channels are confined primarily to UBSM cells.
A series of studies clearly suggest that BK channel pharmacological activation with channel-selective openers may represent a novel approach for LUTS treatment (22, 35, 61, 63, 65, 77, 81, 101, 129, 130, 132, 139, 146) . A recent study using native freshly isolated human UBSM cells and tissues demonstrates that BK channel pharmacological activation with benzimidazolone NS1619 significantly increases the whole-cell BK current, causes membrane potential hyperpolarization, decreases the level of global intracellular Ca 2ϩ , and inhibits myogenic and nerve-evoked contractions in native human UBSM (61) . In excised membrane patches from human UBSM cells, NS1619 drastically enhances the single BK channel open probability by about 10-fold with the primary effect occurring on the channel gating (89) . A more recent study showed that in vivo administration of the BK channel activator, NS8, results in increased storage capacity of the bladder and reverses acetic acid-induced bladder hyperactivity in rats more efficiently than the antimuscarinic drug oxybutynin (77) . One concern of using selective BK channel openers for LUTS treatment is the potential vascular effects, as these channels are also expressed in the vascular smooth muscle. Indeed, through use of several different BK channel openers, Malysz et al. (88) report a lack of tissue selectivity when comparing the effects of the openers between UBSM and vascular smooth muscle tissue strips. However, it should be noted that UBSM is functionally different compared with vascular smooth muscle. Unlike arterial smooth muscle, UBSM exhibits spontaneous action potentials and related phasic contractions (45, 46, 48, 120) . Also, the physiological role of the BK channel in UBSM is substantially different from the physiological role of the BK channel in arteries. Unlike arterial smooth muscle, UBSM BK channels play a dual role in the repolarization phase of the action potential, while maintaining the resting membrane potential in parallel (48, 58). It is well known that small changes in the UBSM resting membrane potential, regardless of the cause, can have pronounced inhibitory effects on UBSM contractility (61, 113, 116, 120, 131) . It is also known that activation of L-type VDCCs is responsible for the initiation of the action potentials in UBSM (44 -46, 48) . Action potentials work on the "all or none law", and the process is activated by reaching a threshold. Because of these reasons, small changes in the resting membrane potential under physiological conditions are sufficient to shift the membrane potential below the threshold for L-type VDCC activation, thereby, decreasing the intracellular Ca 2ϩ levels below that which is necessary to activate UBSM contractions. Recently published data on NS1619 are consistent with this mechanism in native human UBSM (61, 89) . Accordingly, NS1619 has a modest effect on the membrane potential; however, this level of hyperpolarization is sufficient to substantially reduce the intracellular Ca 2ϩ levels and related spontaneous phasic contractions in native human UBSM (61) . Collectively, this supports the concept that BK channel openers, if applied at lower doses, may affect bladder function, while having no or minimal vascular effects. Finally, the UBSM BK channel is unique at expressing both ␤1 and ␤4 regulatory subunits, making it distinct from the BK channels in any other tissues (28, 58, 70) .
Therefore, further exploration and clinical investigation of specific BK channel openers are warranted, as they represent a promising therapeutic avenue for treating some types of LUTS in humans. Indeed, there are currently ongoing efforts by both academic institutions and the pharmaceutical industry to develop a new class of more potent and selective BK channel openers (22, 106, 123, 124, 139, 146) . On the other hand, targeting BK channels with selective inhibitors to stimulate UBSM contractility as a potential treatment for detrusor underactivity is a completely new area of investigation that still remains largely unexplored at a clinical level.
An alternative approach to targeting the BK channels directly with pharmacological modulators is targeting BK channel regulatory mechanisms. In addition to the selective ␤3-AR agonist mirabegron, PDE1 and PDE4 are also attractive therapeutic targets for the treatment of LUTS due to their critical role in the regulation of cellular cAMP levels in UBSM (152) (153) (154) (155) . It has been suggested that pharmacological treatment of OAB with selective PDE1 inhibitors could be a better option with fewer possible adverse effects compared with direct pharmacological activation of the BK channels with selective openers (155) . Among 24 different human tissues investigated, the PDE4D mRNA level in human bladder is the highest (78) . Notably, PDE4 plays only a minor role in controlling human cardiac cellular cAMP levels (68, 98) . In addition, different PDE4 isoforms are localized in distinct cellular compartments by binding different scaffold proteins, such as PKA-anchoring proteins, to form a localized signal transduction complex (17) . Therefore, drugs targeting bladderspecific PDE4 isoforms may preferentially stimulate cAMP/ PKA pathways in UBSM cells, and thus ultimately regulate UBSM function selectively by targeting the BK channel without significant impact on cardiac function.
UBSM BK channel gene therapy represents another potential clinical application for treatment of LUTS (29) . A phase I multicenter study evaluating the safety and potential activity of three increasing doses of the human BK channel ␣-subunit gene transfer in female participants with OAB and DO, a double blind, imbalance placebo controlled design within three sequential active treatments groups has recently been completed (IND13208). The trial has proven that the recombinant BK channel ␣-subunit gene can be directly and locally instilled in the human bladder to create a UBSM tissue-specific, long-lasting effects without significant transfer-related side effects (92) . This gene transfer approach, uses a "naked" nonviral human cDNA and is different from the conventional viral vector-based gene therapy because it targets a bladder-specific problem (OAB/DO), and, therefore, not every cell of the bladder needs to be altered (29) . This is a novel approach to relieve OAB/DO resulting from UBSM increased contractility by enhancing the native molecular and cellular mechanisms that elicit UBSM relaxation (30) . The "naked" DNA does not integrate into the chromosome of UBSM cells, but instead exerts its action in the nucleoplasm of UBSM cells, most likely without becoming a permanent component of the UBSM cell's DNA (92) . One disadvantage of this novel approach is that the "naked" DNA is not permanent and the transfer needs to be repeated about every 6 mo. On the positive side, it should be noted that with the traditional viral vector-based gene transfer approach, some of the problems associated with viral vectors are due to the allergic reaction caused by the virus itself. This is not the case with the "naked" DNA, which is not allergenic. Thus, the BK channel represents a promising novel opportunity for therapeutic intervention in human UBSM for the treatment of OAB associated with DO.
Perspectives and Significance
BK channels control UBSM cell excitability by maintaining the resting membrane potential and the initial repolarization phase of the spontaneous action potentials that trigger UBSM phasic contractions. Altering UBSM BK channel proteins and function have profound effects on urinary bladder physiology. New data collected in recent years suggest that BK channel dysfunction leads to some forms of OAB associated with DO. Thus, BK channels and their regulatory mechanisms represent a novel opportunity for therapeutic intervention in human UBSM. Increasing BK channel expression levels can reduce DO; alternatively, targeting the BK channels with synthetic channel-opening agents represents a new opportunity for pharmacological manipulation of the bladder to reduce DO. A clinical trial examining the effect of local intravesical bladder instillation of a BK channel ␣-subunit plasmid showed that there were no serious BK channel gene transfer-related adverse events. This further underscores the potential utility of BK channel genetic manipulation for LUTS treatment. However, there is a need to better understand the BK channel regulatory role in human UBSM under normal and pathophysiological conditions using multilevel approaches, including molecular, cellular, and tissue studies and to correlate the basic science findings with patients' clinical phenotypes. Considering the prevalence of OAB/DO and detrusor underactivity, research in this area remains highly significant, as it will have a positive impact on improving health care and will provide novel therapeutic approaches to help a huge population of patients suffering from LUTS. 
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